Numerous secretory and membrane proteins undergo post-translational modifications in the endoplasmic reticulum (ER), and the formation of disulfide bonds is a modification that is critical for proper protein folding. The mammalian ER contains a large family of oxidoreductases that are considered to catalyze thiol/disulfide exchange and ensure the maintenance of a redox environment within the ER. Disruption of ER homeostasis causes an accumulation of misfolded and unfolded proteins, a condition termed ER stress. Despite advances in our understanding of the ER stress response and its downstream signaling pathway, it remains unclear how ER redox balance is controlled and restored in the stressed ER. In this study, we determined that brefeldin A (BFA)-induced protein accumulation in the ER triggers reversible oxidation of transmembrane thioredoxinrelated protein 1 (TMX1). Conversion of TMX1 to the oxidized state preceded the induction of immunoglobulin-binding protein, a downstream marker of ER stress. Oxidized TMX1 reverted to the basal reduced state after BFA removal, and our results suggest that glutathione is involved in maintaining TMX1 in the reduced form. These findings provide evidence for a redox imbalance caused by protein overload, and demonstrate the existence of a pathway that helps restore ER homeostasis during poststress recovery.
Numerous secretory and membrane proteins undergo post-translational modifications in the endoplasmic reticulum (ER), and the formation of disulfide bonds is a modification that is critical for proper protein folding. The mammalian ER contains a large family of oxidoreductases that are considered to catalyze thiol/disulfide exchange and ensure the maintenance of a redox environment within the ER. Disruption of ER homeostasis causes an accumulation of misfolded and unfolded proteins, a condition termed ER stress. Despite advances in our understanding of the ER stress response and its downstream signaling pathway, it remains unclear how ER redox balance is controlled and restored in the stressed ER. In this study, we determined that brefeldin A (BFA)-induced protein accumulation in the ER triggers reversible oxidation of transmembrane thioredoxinrelated protein 1 (TMX1). Conversion of TMX1 to the oxidized state preceded the induction of immunoglobulin-binding protein, a downstream marker of ER stress. Oxidized TMX1 reverted to the basal reduced state after BFA removal, and our results suggest that glutathione is involved in maintaining TMX1 in the reduced form. These findings provide evidence for a redox imbalance caused by protein overload, and demonstrate the existence of a pathway that helps restore ER homeostasis during poststress recovery.
In eukaryotic cells, the endoplasmic reticulum (ER) is the site of protein synthesis in the secretory pathway [1, 2] . Proteins that are transported through the ER undergo various post-translational modifications, including glycosylation and disulfide bond formation, which are critical for protein maturation and assembly [3] . Environmental or pathological factors that perturb ER functions cause an accumulation of unfolded and misfolded proteins in the ER; this condition, named ER stress, activates an intracellular signaling pathway referred to as the unfolded protein response (UPR) [4, 5] . The UPR induces the transcriptional activation of downstream effector molecules and thereby reduces the stress and restores ER homeostasis for adaptation and cell survival. However, prolonged activation of the UPR pathway could lead to apoptotic cell death, which has been implicated in the pathogenesis of diverse human chronic diseases [6] .
Disulfide bonds are introduced into proteins through the oxidation of a pair of cysteine residues. The formation of protein disulfides is essential for proper protein folding and contributes to protein stability [7] . Moreover, disulfide modification is crucial for the adaptive response against protein misfolding. Non-native disulfide bonds are either reshuffled for regeneration or cleaved for subsequent proteasomal degradation [8, 9] . The mammalian ER harbors a large family of oxidoreductases that contain a characteristic functional domain related to thioredoxin [10] ; these oxidoreductases are considered to be responsible for thiol/disulfide exchange, which enables the formation or cleavage of protein disulfide bonds. The oxidoreductase activity of these enzymes depends on the pair of cysteine residues present within the active-site motif CXXC, which can shuttle between reduced and oxidized states. The redox property of the active site determines the catalytic activity of a given oxidoreductase, and the redox status of ER oxidoreductases is specifically manipulated by either enzymatically catalyzed pathways or nonenzymatic reactions [11] .
Most ER oxidoreductases are retained within the ER, and previous studies have investigated the redox regulation of these enzymes localized within the luminal compartment of the ER. However, little is known regarding the mechanisms that regulate membraneanchored oxidoreductases of the transmembrane thioredoxin-related protein (TMX) subfamily. TMX1 is a type I transmembrane protein that contains an N-terminal signal sequence, a single thioredoxin-like domain that features a catalytic CPAC active-site motif, a transmembrane domain, and a C-terminal cytosolic tail [12, 13] . TMX1 is localized to the ER membrane and preferentially interacts with transmembrane polypeptides [14, 15] . Recent studies revealed the recruitment of palmitoylated TMX1 to the mitochondria-associated membrane, where it can function to regulate the calcium flux between the ER and mitochondria [16] .
To extend our knowledge of how the activities of ER oxidoreductases are controlled, we focused on TMX1, which has been shown to exist predominantly in the reduced form at steady state [14] . Here, we used TMX1 as a model that allowed us to monitor the ER redox environment. We examined how ER stress affects the redox status of TMX1, and we analyzed the process of TMX1 recovery from the oxidation caused by protein accumulation in the ER. 
Materials and methods

Cell culture
Antibodies
The following antibodies were used: anti-TMX1 (SIGMA, HPA003085), anti-BiP (BD Biosciences, San Jose, CA, USA, 610978), anti-a-tubulin (Wako, 017-25031), anti-PDI (Enzo Life Sciences, Farmingdale, NY, USA, SPA-890), anti-P5 (Thermo Fischer Scientific, PA3-008), antiphospho-eIF2a (Cell Signaling Technology, Danvers, MA, USA, 9721), and anti-eIF2a (Cell Signaling Technology, 9722).
Determination of redox state
TMX1 is a single-pass transmembrane protein and is efficiently extracted with nonionic detergents [13] . The redox state of TMX1 was determined as described previously [14] . Briefly, cells were incubated with ice-cold PBS containing 20 mM NEM to alkylate free thiols, and lysed in 50 mM HEPES, 150 mM NaCl, 20 mM NEM, and 0.5% NP-40. Insoluble materials were precipitated by centrifuging the samples at 20 000 g for 5 min, and the resulting supernatants were used in immunoblotting analyses performed under nonreducing conditions. To assess the redox state of PDI and P5, alternative methods were used with a few modifications [17, 18] . Cell lysates were prepared as described above, and SDS (1%) was added to denature proteins. Excess NEM was removed from the lysates by using a Zeba Spin Desalting Column (7K MWCO; Thermo Fischer Scientific) equilibrated with 50 mM HEPES, and 150 mM NaCl, and then, SDS (1%) and TCEP (10 mM) were added to the eluates and the samples were incubated at 25°C for 15 min to reduce existing disulfide bonds. The samples were subject to a second alkylation with 15 mM AMS at 25°C for 30 min and then analyzed by immunoblotting.
Immunoblotting analysis
Samples were separated using SDS/PAGE and transferred to Immobilon-P (Merck Millipore, Darmstadt, Germany) polyvinylidene fluoride membranes, which were blocked in Blocking One reagent (Nacalai Tesque). Blots were incubated with various antibodies, and chemiluminescent detection was performed using ECL Prime reagent (GE Healthcare, Little Chalfont, UK). Band intensities were quantified through densitometric analysis performed using IMAGE STUDIO LITE software (LI-COR Biosciences, Lincoln, NE, USA).
Fluorescence microscopy
A549 cells were transduced with CellLight Golgi-RFP (Thermo Fischer Scientific, C10593) at a concentration of 40 particles per cell and cultured for 24 h. Subsequently, the cells were treated with vehicle or BFA (0.1 lgÁmL À1 ) for 6 h, and then, nuclei were stained with PureBlu Hoechst 33342 (Bio-Rad, Hercules, CA, USA, 135-1304).
After fixation in 4% paraformaldehyde, fluorescence images were acquired using a BZ-9000 fluorescence microscope (KEYENCE, Osaka, Japan). 
Measurement of ROS production
Glutathione assay
Cellular glutathione levels were quantified by using the glutathione (GSH)-Glo Glutathione Assay kit (Promega) according to the manufacturer's protocol. Luminescence was recorded using the EnSpire Multimode Plate Reader. Each sample was assayed in triplicate, and the experiments were repeated thrice.
Statistical analysis
Data are expressed here as means AE SD. The statistical significance of differences between two experimental groups was assessed using t-tests. For multiple comparisons, statistical significance was analyzed by performing one-way ANOVA followed by Dunnett's test or Tukey's test. P < 0.05 was considered statistically significant. Statistical analyses were performed using EZR software [19] (Saitama Medical Center, Jichi Medical University, Saitama, Japan), a graphical user interface for R (The R Foundation for Statistical Computing, Vienna, Austria).
Results
Brefeldin A treatment triggers oxidation of TMX1
Human lung adenocarcinoma cell line A549 cells were treated with brefeldin A (BFA), a fungal metabolite that inhibits ER-to-Golgi transport and thereby causes ER stress [20] . The redox state of TMX1 was monitored before and after 6-h treatment with BFA. To prevent thiol/disulfide exchange during sample preparation, cells were treated with the thiol-specific alkylating agent N-ethylmaleimide (NEM) before preparing cell lysates. The lysates were separated on SDS/PAGE gels under nonreducing conditions, and the redox state of TMX1 was determined by immunoblotting with an antibody that specifically recognizes the C terminus of TMX1. In this assay, oxidized TMX1, in which a disulfide bond is formed between the active-site cysteines (C56 and C59), migrates faster because its conformation is more compact than that of reduced TMX1 [14] . Whereas the majority of TMX1 existed in the reduced form in control A549 cells, in the case of BFA-treated cells, a band representing the fastermigrating isoform was detected, and this band corresponded in size to that of oxidized TMX1 in diamidetreated samples (Fig. 1A) . The faster-migrating band was not detected when the same samples were analyzed under reducing conditions. As expected, Golgitargeted red fluorescent protein (RFP) was retained in the ER in BFA-treated A549 cells and displayed a reticular distribution pattern in the cytoplasm (Fig. 1B) . Furthermore, this BFA-induced conversion of TMX1 to the oxidized form was also observed in human hepatocellular carcinoma cell line HepG2 cells (Fig. 1C) . Human TMX1 contains seven cysteine residues. To test whether the mobility shift after BFA treatment reflects disulfide formation between the active-site cysteines, we examined the redox state of exogenously expressed wild-type TMX1 and its mutant lacking two cysteines within the active site (C56A/ C59A). As shown in Fig. 1D , BFA treatment induced the oxidizing shift of wild-type TMX1, which was abolished in the cysteine mutant. These results indicated that the TMX1 active site was oxidized after treatment with BFA, and cysteine residues other than C56 and C59 appeared not to contribute to the mobility shift during electrophoresis.
To address the specificity of the BFA effect on TMX1, we investigated the redox status of the two luminal oxidoreductases, protein disulfide isomerase (PDI) and P5, after inducing ER stress by exposing cells to BFA. Here, after blocking free thiols with NEM, pre-existing disulfides were reduced using tris(2-carboxyethyl)phosphine hydrochloride (TCEP), after which a second alkylation was performed with 4-acetamido-4ʹ-maleimidylstilbene-2,2ʹ-disulfonic acid (AMS). Covalent modification with AMS increases the molecular mass of originally oxidized species by~0.5 kDa per thiol group, which allows enhanced separation from the reduced form in electrophoresis [17, 18] . Assessment of the redox status of TMX1 under these conditions revealed that AMS-modified proteins were increased in response to BFA and diamide (Fig. 1E) , which validated the reliability of this approach for determining protein redox status. BFA treatment did not substantially alter the redox status of either PDI or P5, and the data suggest that BFA specifically affects the redox state of TMX1.
BFA-induced TMX1 oxidation precedes upregulation of the ER chaperone immunoglobulin-binding protein
Brefeldin A treatment induced a dose-dependent increase in the amount of oxidized TMX1 ( Fig. 2A ; quantified in Fig. 2B ). BFA also elicited a concentration-dependent upregulation of the phosphorylation of the a-subunit of eukaryotic translation initiation factor , 6 h), DTT (5 mM, 10 min), or diamide (DIA; 1 mM, 10 min). After blocking free thiols with NEM, pre-existing disulfides were reduced with TCEP and this was followed by a second alkylation with AMS. Samples were immunoblotted with antibodies against TMX1, PDI, or P5 to determine the redox status of these proteins. Representative images are shown. [21] , which confirmed that ER stress was triggered by protein accumulation in BFA-treated cells. Furthermore, BFA induced a time-dependent shift of TMX1 to the oxidized form ( Fig. 2C ; quantified in Fig. 2D ). Conversion of TMX1 to the oxidized state was observed within 3 h, which preceded the induction of BiP, a downstream marker of UPR activation [22] (Fig. 2C; quantified in Fig. 2E ).
(eIF2a)
Next, we tested whether the redox state of TMX1 can be modulated by ER stress inducers other than BFA. A549 cells were treated with either tunicamycin, a potent inhibitor of protein glycosylation, or thapsigargin, which depletes ER calcium stores and thereby causes ER stress. Both agents activated the UPR pathway, which resulted in detectable BiP upregulation at 18 h after treatment (Fig. 3A-C) . Although tunicamycin and thapsigargin induced partial oxidation of TMX1 in a time-dependent manner (Fig. 3A,B) , a considerable amount of TMX1 was retained in the reduced form even after overnight exposure to these agents ( Fig. 3C ; quantified in Fig. 3D ). Thus, as compared with BFA, tunicamycin and thapsigargin only weakly affected the redox status of TMX1.
Reactive oxygen species production does not contribute substantially to BFA-induced TMX1 oxidation
To identify the factor(s) responsible for TMX1 oxidation during ER stress, we first tested the potential involvement of ROS. Measurement of hydrogen peroxide (H 2 O 2 ) in vehicle-and BFA-treated cells (Fig. 4A) revealed that the H 2 O 2 level in cell cultures was not increased until 6 h after BFA treatment, a time by which TMX1 was already oxidized. Longer exposure to BFA (24 h) appeared to marginally affect H 2 O 2
Fig. 2. TMX1 oxidizing shift is initiated in the early phase of ER stress response. (A and B) A549 cells were treated with increasing
concentrations of BFA for 6 h. Cell lysates were separated by performing SDS/PAGE under nonreducing or reducing conditions, and then analyzed by immunoblotting with the indicated antibodies. Representative images are shown in A. The ratio of oxidized TMX1 to reduced TMX1 (Ox/Red) was quantified using densitometry (B). Data are represented as means AE SD of three independent experiments. Statistical significance was analyzed by performing one-way ANOVA followed by Dunnett's test for multiple comparisons to the control group. *P < 0.05. (C-E) A549 cells were either left untreated or treated with BFA (0.1 lgÁmL À1 ) for the indicated periods, and the shift of the TMX1 redox state was monitored. For detecting the activation of the UPR pathway, blots were probed with anti-BiP antibody (C). The oxidized/reduced ratio of TMX1 (D) and the fold change of BiP expression normalized to a-tubulin (E) were quantified using densitometry. The graphs show the means AE SD of three independent experiments. Statistical significance was analyzed by performing one-way ANOVA followed by Dunnett's test for multiple comparisons to the untreated sample. *P < 0.05.
production: The luminescent signal indicating H 2 O 2 production showed a slight increase, but this was not statistically significant. By contrast, treatment with menadione/vitamin K3 triggered robust H 2 O 2 production in a shorter period (2 h) as compared with BFA ( Fig. 4A ), but did not substantially affect the redox state of TMX1 (Fig. 4B) . Thus, TMX1 oxidation induced by BFA does not appear to involve direct oxidative modification by ROS.
Glutathione is required for maintaining TMX1 in the reduced state
Glutathione constitutes a major antioxidant pool that maintains the cellular redox environment. We found that 6-h BFA treatment induced a significant reduction in cellular GSH levels (Fig. 5A) , which led us to examine whether diminished GSH levels affect the redox status of TMX1. Thus, we treated cells with L-buthionine sulfoximine (BSO), an inhibitor of c-glutamylcysteine synthetase, to deplete the cellular GSH pool [23] . BSOmediated inhibition of GSH synthesis resulted in the partial oxidation of TMX1 ( Fig. 5B ; quantified in Fig. 5C ). Conversely, supplementation of intracellular GSH with N-acetyl-L-cysteine (NAC) suppressed the BFA-induced oxidation of TMX1 ( Fig. 5D ; quantified in Fig. 5E ). These results suggest that GSH plays a crucial role in maintaining TMX1 in a predominantly reduced form.
Oxidized TMX1 is restored to the reduced state after BFA removal
To examine the manner in which BFA influences the ER redox status, we incubated BFA-treated cells in the absence of BFA and monitored the redox state of TMX1 at various time points after BFA removal ( Fig. 6A ; quantified in Fig. 6B ). BFA induced TMX1 oxidation, and the ratio of reduced TMX1 to oxidized TMX1 was reversed relative to control in cells treated with BFA for 18 h (second lane). Recovery of TMX1 from oxidation was initiated within 1 h after washing out BFA, and the relative abundance of the reduced form was increased and returned to the basal level at 6 h after BFA removal. Total GSH levels were restored upon elimination of BFA, suggesting the re-establishment of the cellular redox homeostasis (Fig. 6C) . Thus, TMX1 was reversibly oxidized under conditions of ER stress, and oxidized TMX1 was restored to the reduced state during the recovery process.
Discussion
In this study, we investigated the redox changes in the active-site thiols of the ER oxidoreductase TMX1 in response to ER stress. We demonstrated that BFAinduced protein accumulation in the ER led to oxidation of the TMX1 active-site cysteines, which formed intramolecular disulfide bonds. Furthermore, BFAinduced oxidation of TMX1 was a reversible process, and oxidized TMX1 was restored to the reduced state after removal of the drug. Our findings provide evidence for the existence of a redox-sensing mechanism that controls the redox properties of ER oxidoreductases (Fig. 7) . TMX1 is predominantly present in the reduced form at steady state, and the enzyme is expected to potentially function as a reductase [14] . We examined the changes in the TMX1 redox status under conditions of ER stress and found that BFA-induced protein accumulation in the ER triggered the oxidation of TMX1 (Figs 1 and 2 ). ROS generation is widely accepted as a major contributing factor to the oxidative modification of biomolecules, and thus, ROS could represent a candidate TMX1 oxidant. However, our results revealed ) for 6 h. The redox status of TMX1 was assessed by immunoblotting (D). The oxidized/reduced ratio of TMX1 was quantified using densitometry (E). Data are represented as means AE SD of three independent experiments. Statistical significance was analyzed by performing one-way ANOVA followed by Tukey's test for multiple comparisons. *P < 0.05.
that after BFA treatment, ROS production was not markedly increased at the point at which a substantial amount of TMX1 had already been oxidized (Fig. 4) . Moreover, the redox status of TMX1 was not altered after cells were treated with menadione, a potent ROS inducer. Therefore, BFA-induced TMX1 oxidation does not appear to occur due to the nonspecific oxidative damage of proteins caused by ROS.
Although the underlying mechanism responsible for TMX1 oxidation currently remains unidentified, we speculate that TMX1 oxidation might occur as a consequence of thiol/disulfide exchange with proteins accumulated in the ER. These proteins could represent potential target substrates of TMX1 and other ER oxidoreductases, and the oxidation of these enzymes would be facilitated at the completion of the substrate reduction in the lysates. The redox status of TMX1 was determined by immunoblotting (A), and the oxidized/reduced ratio of TMX1 was quantified using densitometry (B). GSH levels were measured and the values relative to the untreated control sample (set as 100%) are shown (C). Data are represented as means AE SD of two independent experiments. Statistical significance was analyzed by performing one-way ANOVA followed by Dunnett's test for multiple comparisons to the control. *P < 0.05. stressed ER. Notably, TMX1 was reported to preferentially bind to incompletely folded membrane proteins produced under conditions of ER stress [14] , which suggests that the catalyzing resolution of disulfide bonds plays a role in coping with protein overload. Tunicamycin and thapsigargin inhibit protein maturation, which leads to an accumulation of incorrectly folded proteins in the ER [24] . Conversely, BFA inhibits the export of proteins (even of proteins that have adopted their native conformation) [25] , and this potentially results in an increase in the total amount of protein accumulated in the ER. TMX1 was oxidized most efficiently in response to BFA (Figs 2 and 3) , which might be due to the higher rate of protein accumulation in response to BFA than in response to the other ER stress inducers. Intriguingly, BFA has been shown to exhibit properties distinct from those of thapsigargin and tunicamycin in the activation of UPR target genes, which raises the possibility that both the folding status of accumulated proteins and the amount of burden can affect the stress-sensing mechanism and the downstream ER stress response [26] .
The enzymatic activity of TMX1 depends on the active-site cysteines [12, 13] , which can undergo oxidative modification and form intramolecular disulfide bonds. For an oxidoreductase to catalyze continuous rounds of thiol/disulfide exchange, the active redox state of the enzyme must be recovered after each cycle of the reaction [11] . BFA reversibly inhibits membrane trafficking, and the Golgi complex reassembles upon BFA removal [27] . We found that during recovery after BFA removal, TMX1 returned to the basal reduced state (Fig. 6) . The result suggests that cells are equipped with a reductive pathway for adaptation to oxidative modification of proteins. Although several pathways for protein oxidation or disulfide formation have been described [3] , the regulatory systems that catalyze protein reduction in the mammalian ER have thus far remained poorly characterized.
With regard to the cellular component responsible for the aforementioned reductive pathway, GSH has been proposed to provide reducing equivalents for the reduction of disulfides [18, 28, 29] . In principle, perturbation of oxidative protein folding causes excessive GSH consumption, and the lowered GSH levels would diminish the antioxidant capacity necessary for restoring ER proteostasis [30, 31] . In agreement with this notion, BFA treatment lowered the cellular GSH levels in parallel with the oxidizing shift of TMX1, and BSO-triggered forced depletion of cellular GSH induced the oxidation of TMX1 (Fig. 5) . Conversely, replenishment of intracellular GSH levels by using NAC attenuated BFAinduced TMX1 oxidation. GSH was previously shown to catalyze the reduction of another ER oxidoreductase, ERp57, during the process of recovery from the oxidized state [18] . Our current study together with the previous observation emphasizes the requirement of GSH for maintaining the ER redox homeostasis. As the next step in this work, we will determine whether cellular GSH is sufficient for maintaining TMX1 in the reduced state, or whether an alternative enzyme-catalyzed pathway is required as in the case of the thioredoxin system in the cytosol [32] . It will also be intriguing to investigate the crosstalk between TMX1 and PDI family members, which have recently been shown to constitute a hierarchical network in redox cascades [33] .
In conclusion, we have demonstrated that protein overload disturbs the ER redox balance and thereby allows the oxidation of TMX1. Our results also indicate that cells harbor a reductive pathway for restoring the redox homeostasis during poststress recovery.
